Lipid accumulation in the heart is associated with obesity and diabetes and may play an important role in the pathogenesis of heart failure. The renin-angiotensin system is also thought to contribute to cardiovascular morbidity in obese and diabetic patients. We hypothesized that the presence of lipid within the myocyte might potentiate the cardiomyopathic effects of ANG II in the cardiac diacylglycerol acyl transferase 1 (DGAT1) transgenic mouse model of myocyte steatosis. Treatment with ANG II resulted in a similar increase in blood pressure in both nontransgenic and DGAT1 transgenic mice. However, ANG II in DGAT1 transgenic mice resulted in a marked increase in interstitial fibrosis and a reduction in systolic function compared with nontransgenic littermates. Lipidomic analysis revealed that Ͼ20% of lipid species were significantly altered between nontransgenic and DGAT1 transgenic animals, whereas 3% were responsive to ANG II administration. ROS were also increased by ANG II in DGAT1 transgenic hearts. ANG II treatment resulted in increased expression of transforming growth factor (TGF)-␤2 and the type I TGF-␤ receptor as well as increased phosphorylation of Smad2 in DGAT1 transgenic hearts. Injection of neutralizing antibodies to TGF-␤ resulted in a reduction in fibrosis in DGAT1 transgenic hearts treated with ANG II. These results suggest that myocyte steatosis amplifies the fibrotic effects of ANG II through mechanisms that involve activation of TGF-␤ signaling and increased production of ROS.
OBESE SUBJECTS have twice the risk for the development of heart failure compared with nonobese patients after adjustment for hypertension, diabetes, and dyslipidemia (24) . The mechanism(s) underlying this effect remains incompletely understood; however, both obesity and diabetes are associated with cardiac steatosis, a state of abnormal triglyceride (TG) accumulation within cardiac myocytes (35, 37, 46) . A growing body of work suggests that intracellular lipids and lipid metabolites may have direct toxic effects on the heart (i.e., lipotoxicity) (18, 57, 61, 62) .
Several mouse models of obesity and diabetes mellitus result in both increased deposition of TG within myocytes and impaired heart function (9, 38, 39, 54, 69) . Studies carried out using transgenic (Tg) mice that selectively promote fatty acid uptake in the cardiac myocyte (7, 8, 64) resulted in TG accumulation and cardiac dysfunction. Deletion of adipose triglyceride lipase (ATGL), the enzyme that catalyzes the initial step in TG hydrolysis, results in marked TG accumulation in cardiac myocytes and significant cardiomyopathy (21, 22) . In contrast, mice expressing a cardiac-selective ATGL transgene have reduced cardiac TG levels and appear to be protected from pressure-induced cardiomyopathy (27) . Similarly, cardiac overexpression of hormone-sensitive lipase, which also facilitates TG hydrolysis, results in a reduction of cardiac TG and diminished fibrosis in streptozotocin-treated mice (56) . We have previously demonstrated that cardiac myocyte-selective expression, using the ␣-myosin heavy chain (␣MHC) promoter, of diacylglycerol acyltransferase 1 (MHC-DGAT1), an enzyme that catalyzes the final step in the TG synthesis pathway, results in increased TG accumulation, increased fibrosis, and cardiac dysfunction (17) . This occurred in the absence of differences in blood pressure, body weight, fasting glucose, insulin sensitivity, or serum lipid levels (17) . However, severe cardiomyopathy does not occur in this model until mice are 52-60 wk of age (17) .
Activation of the renin-angiotensin system has been shown to be linked to the pathogenesis of many forms of heart disease (43) , including those due to obesity and diabetes mellitus (4) , and blockade of this system has proven to be an effective strategy for managing cardiac disease. We hypothesized that ANG II might synergize mechanistically with steatosis-dependent alterations in myocyte physiology to accelerate the development of cardiomyopathic changes in the heart. Using our murine model of isolated myocyte steatosis, we examined the interaction between ANG II infusion and elevated myocyte TG levels in promoting cardiac dysfunction. Exposure to ANG II led to a moderate increase in blood pressure in both non-Tg (NTg) control and MHC-DGAT1 Tg mice. However, ANG II in MHC-DGAT1 Tg mice resulted in a marked increase in heart size and cardiac fibrosis compared with NTg littermates. These results suggest that myocyte steatosis creates an abnormal metabolic environment that amplifies the profibrotic effects of ANG II.
METHODS
Animal experiments. All experiments were approved by the Institutional Animal Care and Use Committee of the University of California (San Francisco, CA) and complied with guidelines for the care of laboratory animals published by National Institutes of Health (NIH Pub. No. 85-23, Revised 1996) . Mice were fed standard chow diet (PicoLab Mouse Diet 20 5058). Cardiac myocyte-selective DGAT1 expression was achieved using a mouse transgene containing the ␣-MHC promoter linked to the FLAG-tagged, murine DGAT1 coding sequence in the DBA/2J background as previously described (17) . Male and female mice (12-14 wk of age) were used in the study to guarantee adequate numbers of mice from the same generations to perform the analyses. There was no major difference in the manner in which male versus female mice reacted to genetic or pharmacological stimuli. NTg littermates were used as controls. Mice were anesthetized with isoflurane (4%) followed by cervical dislocation before the collection of tissues.
Osmotic pump placement. Mice were anesthetized with 3.5% isoflurane. The intrascapular region was shaved and prepped with betadine antiseptic solution before the administration of bupivacaine (0.1 mg/kg) and buprenorphine (0.1 mg/kg). An incision was made, and an Alzet osmotic minipump (catalog no. 1002) containing either saline or 500 ng·kg Ϫ1 ·min Ϫ1 ANG II (EMD, Millipore, Billerica, MA) was surgically implanted. Pumps were left in place for 14 days.
Blood pressure measurement. Blood pressure was measured by the tail-cuff plethysmography method in unanesthetized mice using a Hatteras Instruments SC1000 Blood Pressure Analysis System as previously described (17) . Measurements were made on 3 consecutive days before osmotic pump implantation and on days 12 and 13 after implantation.
Echocardiography. Mice were anesthetized with 1.5% isoflurane, and echocardiography was carried out using a Vevo 660 system (VisualSonics, Toronto, ON, Canada) equipped with a 30-MHz realtime microvisualization scan head according to the method of Zhang et al. (68) . Measurements were taken at day 14 after osmotic pump implantation.
Transforming growth factor-␤-neutralizing antibody treatment. The effect of transforming growth factor (TGF)-␤-neutralizing antibody (NAb) was assessed in NTg and MHC-DGAT1 Tg mice in the presence and absence of ANG II (see above) as previously described by Teekakirikul et al. (53) . TGF-␤ NAb (catalog no. AB-100NA, R&D Systems, Minneapolis, MN) or isotype IgG control in saline (catalog no. AB-105-C, R&D Systems) was administered by intraperitoneal injection (5 mg/kg body wt) 1 day before placement of the osmotic pump containing saline or ANG II and then every third day (5 injections total) for 14 days.
RNA isolation and quantitative PCR. Left ventricular (LV) tissue, preserved in RNAlater (Life Technologies, Grand Island, NY), was used to isolate total RNA with the RNeasy kit (Qiagen, Valencia, CA) followed by cDNA synthesis from 500 -1,000 ng total RNA using Superscript III (Life Technologies). Quantitative PCR was carried out and normalized to GAPDH as an internal control using the following Taqman primer sets (Life Technologies): atrial natriuretic peptide (Mm01255748_g1), NADPH oxidase (Nox)1 (Mm00549170_m1), neutrophil cytosolic factor 1 (Mm00447921_m1), Nox4 (Mm00479246_ m1), cytochrome b-␣ (Mm00514478_m1), cytochrome b-␤ (Mm01287743_ m1), collagen type 1A (Mm00801666_g1), and collagen type 3A (Mm01254476_m1). SYBR Green detection agent (Applied Biosystems) was used for detection of the following genes: Tgfb1 (sense: 5=-GTG-GAGCAACATGTGGAACTCTAC-3= and antisense 5=-GTCAGCA-GCCGGTTACCAA-3=), Tgfb2 (sense: 5=-CCAGCCGGCGGAAG-A-3= and antisense 5=-GCGAAGGCAGCAATTATCCT-3=), Tgfb3 (sense: 5=-CCGCAGCGCAGACACA-3= and antisense 5=-AGACGC-CTCTGGGTTCAGG-3=), TGF-␤ receptor (TGFBR)1 (sense: 5=-CCACCGTGTGCCAAATGAAG-3= and antisense 5=-TGGTGCCC-TCTGAAATGAAAG-3=), and TGFBR2 (sense: 5=-AAAAGAC-CAAGGAATAGCATCGC-3= and antisense 5=-TGAATATGGCCG-AAGTGTTCA-3=).
Western blot analysis. Total LV lysates or membrane protein preparations were prepared in lysis buffer containing 20 mmol/l Tris (pH 8.0), 150 mmol/l NaCl, 1% Triton X-100, Complete protease inhibitor and PhosSTOP phosphatase inhibitor was used as directed by the manufacturer (Roche Applied Science, Indianapolis, IN) as previously described (17) . Protein was quantified using colorimetric Coomassie assay reagent (Thermo Scientific). Protein (total: 10 -40 g) was resolved on SDS-PAGE and transferred to ImmunBlot polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA). Membranes were probed with antibodies as indicated. Blots were stripped and reprobed with anti-GAPDH or anti-␤-tubulin, which served as loading controls. The following antibodies were used: anti-GAPDH, anti-TGFBR1, anti-␤-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA), anti-phosphorylated (p-)Smad2, and anti-Smad2 (Cell Signaling Technologies, Danvers, MA). Detection of immunoreactive bands was achieved using horseradish peroxidase-conjugated secondary antibody followed by incubation with SuperSignal West Femto Chemiluminescent Substrate (Pierce, Rockford, IL) and exposure to film. Quantification of band intensity was performed using ImageJ software.
Histology and immunofluorescence. Briefly, paraffin-embedded LV tissue was cut on a microtome to yield 5-m-thick transverse sections and transferred to glass slides. Samples were rehydrated in xylene and ethanol before hematoxylin and eosin and Masson's trichrome staining, which were carried out according to the manufacturer's instructions (Sigma-Aldrich, St. Louis, MO.). Hematoxylin and eosin staining was used to evaluate cardiac structure. Masson's trichrome staining was used to detect fibrosis, which was shown as blue-green. Oil red O staining was carried out to assess lipid droplet content in ventricular sections according to Koopman et al. (28) and visualized under fluorescent microscopy.
Fibrotic area. Analysis of the fibrotic area fraction was performed with 5-m-thick transverse cardiac cross-sections stained with Masson's trichrome. Four to five photomicrographs were obtained to cover the entire midventricular section at ϫ200 magnification. Connective tissue and muscle areas were measured using Metamorph analysis software (Molecular Devices, Sunnyvale, CA) excluding perivascular and epicardial fibrosis. Fibrotic area was then calculated for the heart as the sum of connective tissue areas divided by the sum of connective tissue plus muscle areas in all fields.
Lipidomic analysis. A global unbiased characterization of cardiac lipids was conducted using ultra-performance liquid chromatography quadrupole-time-of-flight mass spectrometry (UPLC/Q-TOF-MS; Agilent 6530). Cardiac lipids were extracted from homogenized tissue using a modified protocol (41a) consisting of a biphasic solvent system of cold methanol, methyl tert-butyl, and water. Dried extracts were resuspended in methanol-toluene (9:1), and lipids were separated using a CSH C18 (100 ϫ 2.1,m; 1.7 m) column with a 15-min gradient. Mass spectra were acquired on the Q/TOF-MS (Agilent 6530) operated both in positive ESI(ϩ) and negative ESI(Ϫ) modes (65-1,700 m/z). Lipids were identified based on their MS/MS fragmentation profiles using in-house software (LipidBlast). A total of 734 mass spectral features were identified, including glycerophospholipids, glycerolysophospholipids, glycerolipids, sphingolipids, cholesterol esters, ceramides, and fatty acids. Lipidomic measurements were analyzed using univariate statistics, multivariate modeling, and correlation network analysis. Analyses were implemented in the R statistical programming environment (41a), imDEV (version 1.4) (19) , and Cytoscape (45) . Two-way ANOVA was used to test for significant differences in lipids due to genotype (NTg vs. DGAT1), treatment (ANG II vs. control), and genotype-treatment interactions. Probability levels for test statics were adjusted for the multiple hypotheses tested (3) to allow for a maximum 5% probability (q ϭ 0.05) of false positive detection. Orthogonal partial least-squares discriminant analysis (55) was used to develop a multivariate classification model to concomitantly discriminate between genotype and treatment effects. Models were fit to autoscaled measurements, and the latent variable number was determined using leave-one-out crossvalidation. Model validation was conducted through the comparison of performance statistics (Q 2 and root mean squared error of prediction) for 100 randomly determined test/training cross-validations to that of a permuted class label models. Correlation-based networks were used to analyze variable interrelationships in the context of statistical and multivariate model results. Hierarchical cluster analysis of Spearman's correlations was used to group all parameters into seven major correlated clusters. Variable cluster identities, statistical significance, and multivariate importance were projected into a network of lipids connected based on significant correlations (Spear-mans's , P Ͻ 0.0001, q Ͻ 0.1). Separate networks were used to map genotype and treatment effects.
Measurement of superoxide, lipid peroxide, and oxidative DNA damage. Samples of the LV were embedded in optimum cutting temperature reagent (Tissue-Tek, Fisher Scientific), and 5-m-thick sections were cut and mounted on glass slides. Unfixed frozen sections were then incubated with 5 M dihydroethidium (SigmaAldrich) for 25 min at 37°C followed by three washes in PBS. Images were obtained using the Leica TCS SP5 confocal microscope and analyzed using ImageJ.
For other ROS assays, heart tissue was quickly harvested and snap frozen in liquid nitrogen until the time of the assays. Frozen tissue was weighed, and 4-hydroxynonenal histidine protein adducts were measured using the OxiSelect HNE-His Adduct ELISA Kit (Cell Biolabs, San Diego, CA) according to the manufacturer's instructions. Oxidative damage to DNA was assessed by measurements of 8-hydroxydeoxyguanosine using the OxiSelect Oxidative DNA Damage ELISA kit (Cell Biolabs).
Statistical analysis. Results are presented as means Ϯ SD. Fold changes and SD for quantitative PCR were calculated as previously described by Livak and Schmittgenn (33) . Data were analyzed using two-way ANOVA using GraphPad Prism 5 statistical software. P values are reported for the main effects of ANG II and MHC-DGAT1 Tg genotype and the interaction between ANG II and MHC-DGAT1 Tg genotype in the four experimental groups (NTg, NTg ϩ ANG II, MHC-DGAT1 Tg, and MHC-DGAT1 Tg ϩ ANG II). Statistical differences were considered significant when P values were Ͻ0.05.
RESULTS
At 12 wk of age, the MHC-DGAT1 Tg mouse displays activation of the hypertrophic gene program as well as evidence of diastolic dysfunction, but systolic dysfunction is preserved (17) . We asked whether ANG II infusion would lower the threshold for the development of cardiomyopathy in MHC-DGAT1 Tg mice. NTg and MHC-DGAT1 Tg mice (12-14 wk of age) were infused with either saline (sham) or ANG II (500 ng·kg Ϫ1 ·min
Ϫ1
) for 14 days. The dose of ANG II was selected to provide a submaximal pressor response (6, 50) . The magnitude of the increase in blood pressure was similar in NTg and MHC-DGAT1 Tg mice 12 days after ANG II infusion ( Fig. 1 , A-C), and there was no statistically significant interaction between ANG II and genotype.
Histological analysis revealed disruption of the normal cardiac architecture, including diffuse mononuclear cell infiltrates and the accumulation of fibrosis ( Fig. 2A) , in MHC-DGAT1 Tg mice treated with ANG II, which was not apparent in control mice. Lipid accumulation, as assessed by oil red O staining, demonstrated an increase in MHC-DGAT1 Tg ventricles relative to NTg ventricles (Fig. 2B ). Serum TG, on the other hand, did not differ significantly in NTg and MHC-DGAT1 Tg mice at baseline or with ANG II treatment (data not shown). Both lipid accumulation and ANG II treatment have independently been shown to result in cardiac fibrosis (5, 17, 65, 66, 69) . Treatment of MHC-DGAT1 Tg mice with ANG II resulted in a marked increase in fibrosis, quantified as fibrotic area (Fig. 2 , C and G), compared with MHC-DGAT1 Tg mice treated with saline or NTg mice treated with ANG II. Analysis of heart size revealed a significant increase in heart weight, normalized to body weight, in MHC-DGAT1 Tg mice treated with ANG II versus saline (Fig. 2D ). There was a reduction in body weight noted in both NTg and MHC-DGAT1 Tg mice treated with ANG II, although this was not statistically significant (data not shown). Therefore, heart weight was also normalized to tibial length, which showed a similar increase heart size in MHC-DGAT1 Tg mice treated with ANG II (Fig. 2E) . Atrial natriuretic peptide, a sensitive molecular marker of hypertrophy, was significantly increased in MHC-DGAT1 Tg versus NTg mice treated with ANG II (Fig. 2F) . Expression of collagen types 1A and 3A1 (34) were also increased in MHC-DGAT1 Tg mice treated with ANG II (Fig. 2, H and I) , although the interaction was not significant. Collectively, these results demonstrate an enhanced response to ANG II in the MHC-DGAT1 Tg heart. Cardiac function was evaluated by echocardiography at the end of the 14-day treatment with either saline or ANG II (Table 1) . Representative Doppler and M-mode examples are shown in Fig. 3, A and B . Diastolic function was assessed by Doppler analysis of the early and late ventricular filling velocities and measurement of the deceleration time of early filling velocity. We found evidence of diastolic dysfunction in MHC-DGAT1 Tg mice treated with saline, as previously reported (17), and ANG II (Fig. 3, C and D) and in NTg mice treated with ANG II (Fig. 3D ), similar to a previous report (23) . However, a marked reduction in LV ejection fraction and fractional shortening was seen in MHC-DGAT1 Tg mice exposed to ANG II compared with NTg mice in the presence or absence of ANG II or with MHC-DGAT1 Tg mice at baseline (Fig. 3, E and F) . This suggests that ANG II exposure in the setting of cardiac lipid accumulation can result in significant systolic dysfunction.
The effect of ANG II on the lipid profile in the MHC-DGAT1 Tg heart was examined using lipidomic analysis. There was a significant alteration in the lipid profile between NTg and MHC-DGAT1 Tg hearts, with changes identified in Ͼ20% of all measured species (P Ͻ 0.05, q ϭ 0.05). Genotype was associated with a larger perturbation in cardiac lipids than treatment with ANG II. There were 141 significantly altered lipids identified between the 2 genotypes, and 23 significantly altered lipids were identified as due to treatment with ANG II. Major perturbations included an increase in TG levels and a decrease in ceramide levels in MHC-DGAT1 Tg hearts compared with NTg hearts (Table 2) . Interestingly, treatment with ANG II resulted in a reduction in selected TG (TG 48:0 and TG 53:3) in MHC-DGAT1 Tg hearts. This was significantly and inversely correlated with increases in six different ceramide species.
Lipotoxicity has been associated with the generation of ROS in a variety of experimental models (8, 47) . Similarly, ANG II has been shown to promote the generation of intracellular ROS in target tissues (13) . We hypothesized that the synergistic response seen when these two pathological stimuli are combined might be linked to enhanced production of ROS. We assessed ROS levels by nuclear staining with dihydroethidium, biochemical measurement of 4-hydroxynonenal, a measure of lipid peroxidation, and the DNA adduct 8-hydroxydeoxyguanosine. These were not different in NTg hearts in the presence or absence of ANG II or in MHC-DGAT1 Tg hearts treated with vehicle. However, the hearts of ANG II-treated MHC-DGAT1 Tg mice demonstrated a significant increase in ROS levels by all three measures compared with control mice (Fig. 4, A-D) .
We next examined the expression of genes known to be involved in ROS generation or degradation in the heart (42). SOD2 is a mitochondrial enzyme responsible for degrading superoxide species in that organelle. It is believed to be important regulator of ROS levels in a variety of tissues including those of the cardiovascular system (12) . We found that SOD2 gene expression was decreased in MHC-DGAT1 Tg hearts (Fig. 4E) , whereas SOD1 and catalase expression were unaffected (data not shown). There was no further decrease in SOD2 expression in MHC-DGAT1 Tg mice treated with ANG II. SOD2 activity was reduced in NTg mice treated with ANG II, MHC-DGAT1 Tg mice, and MHC-DGAT1 mice treated with ANG II (Fig. 4F) .
ANG II has been shown to increase ROS generation through a mechanism involving activation of Nox (16), multisubunit enzymes that catalyze the production of superoxide from oxygen and NADPH. Expression of Nox subunits has been shown to be regulated by ANG II in a variety of other systems (2, 30, 58) . We found that Nox4 expression was increased in ANG II-treated MHC-DGAT1 Tg mouse hearts (Fig. 4G ). There were no significant differences in expression of Nox2, p22 phox , p47
phox , and p67 phox , as assessed by quantitative PCR (data not shown).
We found that MHC-DGAT1 Tg mice exposed to ANG II demonstrated significant cardiac fibrosis (Fig. 2) . Fibrosis has been linked to a variety of signaling molecules in the heart (10, 20) , including TGF-␤ (53). We found that expression of TGF-␤ 2 (Fig. 5A ), but not TGF-␤ 1 or TGF-␤ 3 (data not shown), was Values are means Ϯ SD; n ϭ6 -9 mice/group. NTg mice, nontransgenic mice; MHC-DGAT1 Tg mice, ␣-myosin heavy chain promoter of diacylglycerol acyltransferase 1 (MHC-DGAT1) transgenic mice; LV, left ventricular; E, early mitral inflow filling velocity; A, late mitral filling velocity. Significance was assessed by two-way ANOVA. NS, nonsignificant. increased in MHC-DGAT1 Tg LVs exposed to ANG II. TGF-␤ exerts its biological activity through binding to a cell surface receptor complex of TGFBR1 and TGFBR2 (36) . We measured the relative expression of TGFBR1 and TGFBR2 and found a significant increase in TGFBR1 but not TGFBR2 gene expression in MHC-DGAT1 Tg hearts treated with ANG II (Fig. 5, B and C) . Similar increases in TGFBR1 protein were demonstrated in myocardial membrane preparations (Fig. 5, D and E) . The level of p-Smad2 was used as a marker of TGF-␤ activity (14) . p-Smad2 was measured by Western blot analysis and normalized to total Smad2. Consistent with TGF-␤ pathway activation (14) , p-SMAD2 signals were increased in MHC-DGAT1 Tg ventricular extracts treated with ANG II (Fig. 5, F and G) suggesting that ANG II, in the setting of myocyte steatosis, triggers an increase in TGF-␤ signaling that is likely to play a key role in the enhanced fibrosis seen in this model. TGF-␤ NAb has previously been shown to reduce fibrosis in models of cardiac hypertrophy (53) , and so we sought to determine if blockade of TGF-␤ would decrease cardiac fibrosis in MHC-DGAT 1 Tg mice treated with ANG II. NTg and MHC-DGAT1 Tg mice were treated with vehicle or ANG II and TGF-␤ NAb or IgG control antibodies. Treatment began 1 day before placement of the osmotic pumps and continued over the 14-day course, as previously described (53) . ANG II treatment resulted in a similar increase in blood pressure in TGF-␤ NAb-and IgG-treated mice (data not shown). Interestingly, treatment with TGF-␤ NAb resulted in significantly less cardiac fibrosis in MHC-DGAT1 Tg mice treated with ANG II (Fig. 5, H and I) . This was associated with a reduction in ANG II-dependent p-Smad2 activity in MHC-DGAT1 Tg hearts (Fig. 5J) . There was no effect of TGF-␤ NAb on the low levels of fibrosis in NTg mice. Similarly, there was no change in fibrosis in MHC-DGAT1 Tg mice treated with control IgG antibody (data not shown).
DISCUSSION
We have shown that MHC-DGAT1 Tg mice demonstrate a lower threshold for the development of cardiomyopathy in response to ANG II compared with NTg control mice. The relatively modest dose of ANG II (500 ng·kg Ϫ1 ·min Ϫ1 for 14 days) used in our study resulted in a similar increase in blood pressure in both NTg and MHC-DGAT1 Tg mice. However, cardiac size, fibrosis, and systolic dysfunction were much more prominent in MHC-DGAT1 Tg mice exposed to ANG II. We have also shown that ANG II treatment in the setting of the MHC-DGAT1 Tg model results in an increase in ROS levels in the heart and a synergistic activation of the TGF-␤ pathway, both key mechanisms thought to play a role in the pathogenesis of heart disease (48, 53) . Our results suggest that expression of DGAT1 and the resulting alteration in lipid content render the cardiac myocyte more vulnerable to independent pathological stresses, such as those engendered by ANG II.
Echocardiographic analysis of ANG II-treated MHC-DGAT1 Tg mice demonstrated a marked reduction in systolic function compared with sham-treated MHC-DGAT1 mice or NTg mice exposed to ANG II (Fig. 3 and Table 1 ). The effects of ANG II on the cardiovascular system have been well described, and the use of angiotensin-converting enzyme (ACE) inhibitors as well as angiotensin receptor blockers are cardioprotective (51) in a variety of cardiovascular diseases (4) . Interestingly, several studies have shown an increase in expression of the ANG II receptor in models of diabetic cardiomyopathy (15, 25) . In addition, Patel et al. (41) have shown that ACE2 is increased in hearts of the diabetic Akita mouse. ACE2 metabolizes ANG II to yield ANG(1-7) and thereby functions as a negative regulator of the reninangiotensin system. Interestingly, ACE2-null animals demonstrate increased cardiomyopathy in the setting of the diabetic Akita mouse. Our results support these previous studies and suggest that lipid accumulation in the cardiac myocyte potentiates the effect of ANG II, resulting in significant systolic dysfunction.
It should be noted that Liu et al. (31, 32) reported an independently generated, cardiac-selective transgenic mouse expressing DGAT1 that failed to show significant cardiac dysfunction. In their model, DGAT1 expression was shown to improve cardiac function in the setting of enhanced Tg expression of acyl-CoA synthetase (ACS) (MHC-DGAT1; MHC-ACS) or peroxisome proliferator-activated receptor (PPAR)-␥ (MHC-DGAT1; MHC-PPAR-␥) (31, 32) . Both cardiac Tg expression of ACS and PPAR-␥ were shown to result in increased free fatty acid levels in the heart, which were reduced in double-DGAT1 Tg mice, suggesting that increased DGAT1 activity and the resulting sequestration of fatty acids into TG was cardioprotective. The differences between this model and that reported here are not fully understood but may be partially explained by the differences in background mouse strains used in the respective studies. The background strain in our previous report (17) and the experiments presented here were carried out using DBA2/J, whereas Liu et al. used FVB (29) or C57B6 (31, 32) .
In an effort to understand the alterations in myocardial lipid content due to both MHC-DGAT1 Tg and treatment with ANG II, we performed lipidomic analysis. Interestingly, Ͼ20% of lipid species were significantly altered when NTg and MHC-DGAT1 Tg hearts were compared, whereas only 3% of lipid species were responsive to ANG II administration. There was a modest increase in select TG species in MHC-DGAT1 Tg hearts compared with NTg control hearts. However, treatment with ANG II resulted in a reduction in TG in both NTg and MHC-DGAT1 Tg mice. The role of TG in the pathogenesis of heart disease has been difficult to establish, and several studies have suggested that accumulation of TG can occur without significant cardiac dysfunction (32) . In addition, sequestration of potentially toxic lipid species into a neutral TG may improve heart function in selected models of lipotoxicity (31, 32). Our results suggest that accumulation of TG may also serve as a source of toxic lipid metabolites when these hearts are exposed to a pathological stress, such as ANG II infusion. Additional support for this hypothesis is provided by studies involving Tg expression of ATGL in the heart. The ATGL Tg mouse demonstrates decreased cardiac TG and apparent protection from pressure overload resulting from thoracic aortic constriction (27) . Ceramides, which have been linked to cardiac dysfunction (40) , were increased in response to ANG II in both NTg and MHC-DGAT1 Tg mouse hearts. Differences in ceramide levels between the two mouse lines were not significant; if anything, the trend was toward lower levels in MHC-DGAT1 Tg versus NTg animals. This suggests that increased ceramide levels, per se, cannot fully explain the cardiovascular phenotype in MHC-DGAT1 Tg mice treated with ANG II.
Oxidative stress has been shown to be intimately involved in the genesis of cardiovascular disease, and it is thought to play a major role in ANG II-induced cardiac dysfunction. We found that measures of oxidative damage were increased in MHC-DGAT1 Tg hearts treated with ANG II. Noteworthy, at the doses used in this study, ANG II in NTg mice did not result in a significant increase in ROS. This result led us to hypothesize that the MHC-DGAT1 heart might have a reduced capacity to handle oxidative stress at baseline. Interestingly, we found that expression of the antioxidant enzyme SOD2 was reduced in MHC-DGAT1 Tg hearts. SOD2 is localized to the mitochondria, and SOD2-null mice have been shown to develop lethal cardiomyopathy (63) . Cardiomyocytes isolated from heterozygous SOD2 gene knockout mice display increased oxidative damage and decreased mitochondrial function (60) . It is worth noting that PPAR-␥ coactivator-1␣ is thought to be required for SOD2 expression (49, 59) , and PPAR-␥ coactivator-1␣ expression has been shown to be decreased in the MHC-DGAT1 Tg heart (17) .
ANG II increases ROS generation through a mechanism involving the activation of Nox (16), a multisubunit enzyme that catalyzes the production of superoxide from oxygen and NADPH. Nox2 and Nox4 have been shown to be expressed in the heart and are regulated by ANG II (2, 30, 58) . While we saw no change in the expression of Nox2 in the MHC-DGAT1 heart, Nox4 was increased in the presence of ANG II. A previous study (1) has reported an increase in Nox4 expression in models of hypertrophy. However, the role of Nox4 in the pathogenesis of heart dysfunction is not entirely clear. Zhang et al. (67) provided evidence for a cardioprotective role for Nox4 and reported that Nox4 gene deletion resulted in increased hypertrophy and fibrosis. However, an independently derived cardiac-specific Nox4-null mouse demonstrated a reduction in cardiac hypertrophy and fibrosis in response to pressure overload (29) . The reasons behind these seemingly discrepant findings are unclear, and additional studies will be required to clarify the role of Nox4 in MHC-DGAT1 Tg mice treated with ANG II. It is noteworthy that both SOD2 and Nox4 are expressed in the mitochondria. There is a well-known link between mitochondrial dysfunction and cardiomyopathy as well as recent evidence suggesting that the mitochondrion is a major target of ANG II-dependent oxidative stress (11, 12) .
Expression of DGAT1 leads to cardiac fibrosis (17), which is increased in the setting of ANG II treatment, similar to what has been demonstrated in other animal models (9, 56, 65, 66) . Fibrosis is also seen in the inducible, cardiac myocyte-selective ATGL-null mouse, implying that myocyte lipid accumulation results in a pathological signal that promotes a profibrotic response in the cardiac fibroblast (26) . The TGF-␤ signaling system has been shown to be a key mediator of fibrosis in the heart (53). ANG II has been shown to enhance expression of TGF-␤ in the myocyte, and Schultz et al. (44) , using the TGF-␤ Ϫ/Ϫ Rag1 Ϫ/Ϫ mouse, have shown that TGF-␤ is necessary for ANG II-induced hypertrophy and cardiac dysfunction. We demonstrated a reduction in TGF-␤ activity, as assessed by reduced p-Smad levels, and myocardial fibrosis in the presence of TGF-␤ NAb, confirming the importance of this pathway in mediating fibrosis. At the ANG II concentrations used in our study, we did not see increased expression or enhanced activity of the TGF-␤ pathway in the absence of cardiac steatosis. However, in MHC-DGAT1 Tg mice, we saw an increase in cardiac expression of TGF-␤ 2 and TGFBR1 as well as activation of TGF-␤ signaling after treatment with ANG II. The fact that such changes were only seen in the presence of steatosis suggests that lipid accumulation modulates ANG signaling pathways in a manner that leads to an amplification in the profibrotic activity of the TGF-␤ system.
In summary, the presence of cardiac steatosis in the MHC-DGAT 1 Tg mouse potentiates the deleterious effects of ANG II in the heart. This synergistic interaction appears to promote activation of ROS and TGF␤-dependent signaling pathways. Cardiac lipid accumulation, as seen in diabetes mellitus and morbid obesity, often coexists with other pathological factors that promote cardiovascular disease (e.g., hypertension and ischemic heart disease). The latter are often accompanied by activation of the renin-angiotensin system. Collectively, our studies would suggest that this latter activation may be a more potent stimulus for cardiac dysfunction and ultimately cardiac disease when coupled with steatosis of the cardiac myocyte. 
